In this paper, we studied the fatigue behavior of a crack emanating from v-notched aluminum (7075-T6) plate. To analyze the fatigue life of notched specimens we applied variable cyclic block-loading sequences, including increasing (L-H) and decreasing (H-L) blocks. We also analyzed the effect of the stress ratio(R) on the fatigue life of aluminum specimen subjected to stepped variable cyclic loading. The obtained results show that the effect of stress ratio on the fatigue life is significant. The patch repair efficiency is found to be limited for increasing (L-H) loading blocks but is significantly high for decreasing (H-L) cyclic loading blocks.
Introduction
Bonded Composite Repair Technology (BCRT) is an advanced technology to reinforce damaged metallic structures in various applications, especially in aerospace. This technology offers numerous advantages over conventional repair techniques. In particular the BCRT increases the load carrying capacity of a structure when adhesively bonded [1] [2] [3] . Several studies have investigated this technique, both numerically and experimentally, for different materials and different specimens' dimensions [4] .
It is known that many structures in service are subjected to Cyclic Variable Amplitude Loading (CVAL), which requires more challenging fatigue assessment compared to cyclic constant amplitude loading. To avoid fatigue failure under CVAL it is necessary that the domain of load cycles of load spectra to be less than the fatigue limit of the material. The process of fatigue is based on a crack initiation and growth. The crack initiation takes time to happen depending on the stress concentration factor. In the beginning, it is a slow process but it quickly accelerates towards an abrupt fracture once the crack length reaches a critical value. The crack propagation due to CVAL has been a complex task for many years due to inability to predict the fatigue behavior. The research on variable amplitude loading of adhesively bonded joints is quite limited when compared to the research on constant amplitude loading. Hence, the study of fatigue behaviour and repair of cracks under CVAL is important.
Irwin investigated the impact of plasticity on the fracture dynamics of metallic materials [5] . He concluded that a plastic zone around the crack tip, is accountable for several effects, such as under and overloading consequences © 2014 Published by Elsevier Ltd. Open access under CC BY-NC-ND license. Selection and peer-review under responsibility of the Politecnico di Milano, Dipartimento di Meccanica affecting the fatigue life. The loading sequence has a significant influence on the fatigue life of a structure. The reduction in load level, which leads to crack retardation is an interesting phenomena [6, 7] . The effect of this phenomenon on fatigue crack growth needs to be considered especially in the design of structures subjected to varying loads. In this investigation, we studied experimentally the effect of CVAL sequence on fatigue life of cracked aluminum 7075-T6 specimen. The study was performed on repaired and unrepaired specimens for different stress ratios (R).
Experimental study
In this research, we conducted fatigue tests on unrepaired and repaired, with bonded composite patch, single edged notched tension (SENT) specimens. The specimens, of dimensions 150x50x2 mm, were cut from Al 7075-T6 plates. An initial notch of 6mm depth and 60 0 angle was cut in the center of each specimen as shown in the Fig. 1 as per ASTM E647 standards [8] . Patches are made of unidirectional carbon/epoxy pre-pregs of eight layers at zero degree from cured at 120 0 C for 90 minutes. The surface of SENT specimens were prepared using Bell Process Specification method [9] . The pre-cracked specimens were repaired with the composite patches bonded to the specimens using the adhesive Permabond ET515 such that the lay-up principal direction is perpendicular to the loading direction, as shown in Fig. 2 . Fatigue experiments were carried out on a 100 kN capacity Instron 8801 servo hydraulic machine. All tests were performed at room temperature using a sinusoidal waveform at a loading frequency of 20 Hz. The SENT specimens, both repaired and un-repaired, were loaded cyclically at two different stress/load ratios; R = 0 and R = 0.1. Two cyclic amplitude-loading blocks, as shown in Fig. 3 , were applied to each specimen in two sequences. The tests were performed using the first load amplitude load, low or high (L or H, 7kN or 12kN) ) until the crack reached 3mm length, then second load amplitude, high or low, (H or L, 12kN or 7kN) is applied and maintained until fracture. For the repaired specimens, the same procedure is used except that the composite patch is bonded after the crack length reaches a 0 = 3mm. The data obtained from these tests were analyzed and compared. 
Results and Discussions
In this investigation, we studied the effect of the CVAL on the fatigue life of Al 7075-T6 made samples. Fig. 4 presents the effect of the stress ratio on the fatigue life of specimens subjected to low-high stepped variable loading. The results shown in figure 4 indicate that the improving of the fatigue life of cracked specimens repaired with bonded composite patches is not very significant for increasing fatigue blocks. The difference in the cycles of failure between un-repaired and repaired specimens is about 5000 cycles for R = 0 and 10,160 cycles for R = 0.1. The increases of the applied load (12 kN) after patching counterbalances the extra stiffness offered by the composite patch which reduces the repair efficiency. The load ratio R was found to have significant effect on the repair efficiency; the fatigue life of repaired structures was significantly reduced when the load ratio decreases. The relative difference of the fatigue life for R = 0.1 and R = 0 is about 8.9%. This is because for R=0 the difference between the maximal and the minimal applied stresses (Δσ=σ max -σ min ) is higher, which leads to a faster fatigue crack growth. In addition, Baker et al [10] showed that the peel stress in the adhesive layer decreases rapidly with the increase in the applied load ratio, whereas the maximum stresses increase slightly with the increase of load ratio. Figure 5 represents the performance of BCRT and the effect of stress ratio on the fatigue life of Al 7075-T6 specimens subjected to decreasing blocks of loading. Similar to the increasing loading case, two stress ratios were applied R=0 and R=0.1. It is evident that the fatigue life of repaired specimens increases considerably in the case of decreasing blocks of loading. This is because, in addition to the increase of strength due to the patch, the plastic zone, formed around the crack tip due to overload, retards the crack growth. This is because the patch acts as a stress-carrying component, which in turn, attenuates the effect of plastic zone generated by the overload. The fatigue life summary of repaired specimen is presented in Table 1 . We observed that the improvement of fatigue life for H-L blocks is high i.e., 173% for R = 0, whereas for L-H blocks, the repair efficiency is just 23.06%. So the combined effect of patch, reduce in load and plastic zone due to overload for H-L blocks improved the repair efficiency dramatically. In order to explain the fatigue results of repaired cracks under L-H blocks sequence, a microscopic observation was done on the cracked surface after the specimen failure (see figure 6 and 7) . It can be observed that before patching at low load (7 kN), the crack propagates in a ductile manner. After the increase of the applied load (12 kN), a significant disband region is observed around the crack. Comparing the fig. 6 and fig. 7 , we can conclude that after repair, the shear failure at the border on patched side is less compared to unrepaired specimen. This clearly indicates that patch prevented the crack growth irrespective of the loading condition. But comparatively, crack prevention for decreasing blocks was more improved by the repair. 
Conclusions
The fatigue life of Al 7075-T6 cracked specimens repaired with adhesively bonded composite patches was investigated for different load aspect ratios and compared with that of unrepaired specimen under the same cyclic block loading for two different sequences (increasing and decreasing amplitude). The following conclusions can be drawn from this study:
• The fatigue life of the specimen is affected by stress ratio in both increasing and decreasing blocks of loading.
• As the load ratio increases, the fatigue life increases for both repaired and un-repaired specimen because of the difference between the maximal and the minimal applied stresses. The higher the difference between the maximum and the minimum stresses, the lower the fatigue life.
• The patch repair efficiency is not significant for increasing blocks of loading, whereas for decreasing blocks of loading, the improvement is relatively noticeable.
• The plastic zone formed due to overload in decreasing blocks of loading retards the crack growth for unrepaired specimen whereas for repaired specimen, the patch carries the stress and diminishes the effect of the overload local plasticity, which decreases the patch repair efficiency.
• Microstructure examination clearly shows the shift of plane stress condition to plain strain and vice versa with shift of load. Shear failure can be seen at the borders in fig. 6 , whereas the center region is under tension.
• For patched configuration, shown in fig. 7 , the shear failure is less on the patched reinforced side which indicates that the patch reduces the crack growth.
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